A new family of bis-methylureas (L 1 -L 6 ) have been synthesised and their ability to bind anions both in solution and in the solid state and to transport them through lipid membrane have been studied. From the solid state studies it has emerged that various conformations can be adopted by the receptors allowing the isolation of complexes of different stoichiometry (from 1:1 to 1:3). The transport studies highlighted the 10 possibility to use the bis-methylureas to mediate Cl -transport across membranes.
Introduction
Bis-urea compounds have been used extensively for anion recognition. In 1995, Umezawa and coworkers 1 reported that bis-ureas and thioureas, 15 obtained by the reaction of 1,3-bis(aminomethyl)benzene with butylisocyanate and butylisothiocyanate, showed some affinity for H 2 PO 4 -(K a = 820 M -1 for the thiourea derivative) in DMSOd 6 . The same group also studied the application of 20 phenyl-substituted ureas as an ionophore for the fabrication of anion selective electrodes with remarkable sulfate selectivity. 2 More recently Sellergren and co-workers studied the recognition of tyrosine phosphorylated peptides by the vinylphenyl 25 urea derivative of 1,3-bis(aminomethyl)benzene. 3 Caltagirone and co-workers have recently reported the pyrophosphate optical sensing properties of 1,3-bis(aminomethyl)benzene and 2,6-bis(aminomethyl)pyridine derivatives bearing 30 naphthalene and 2-nitrobenzene moieties. Gale and co-workers have previously shown that ortho-phenylenediamine-based bis-ureas are highly 35 effective anion transport motifs with chloride transport activity observed at concentrations as low as 1:1000000 transporter to lipid molar ratio. 5 Gale has also shown that tripodal tren-based tris ureas and thioureas are capable of facilitating chloride/nitrate 40 and chloride/bicarbonate antiport processes in POPCbased vesicles. 6 We, therefore, decided to study bisureas prepared from 1,3-bis(aminomethyl)benzene and 2,6-bis(aminomethyl)pyridine (see receptors L 1 -L 6 in scheme 1) as potential anion transporters due to 45 their structural similarity to systems mentioned above. Therefore a series of 1,1'-(1,3-phenylenebis(methylene))bis(3-phenylureas) and 1,1'-(pyridine-2,6-diylbis(methylene))bis (3-phenylureas) were synthesized with electron withdrawing nitro and 50 trifluoromethyl substituents which had previously been shown to enhance the transport properties of urea-based anion transporters. Compounds L 1 , L 3 , and L 5 were synthesised by the reaction of the commercially available 1,3-bis(aminomethyl)benzene reacted with the appropriate isocyanate (4-(trifluoromethyl)phenyl 60 isocyanate, 3,5-bis(trifluoromethyl) phenyl isocyanate and 4-nitrophenyl isocyanate) in refluxing dichloromethane in the presence of triethylamine under nitrogen to give the three receptors in 70-97% yield. In the case of compounds L 2 , L 4 , and L 6 we were crystallized by slow evaporation from various solvents (see Table S1 in the ESI †). Interestingly, only receptors L 3 and L 4 showed a tendency to form crystals suitable for single 15 crystal X-ray investigation. A summary of the basic crystallographic parameters and the crystal packing for all the structures are reported in Table 1 and Table S2 and Figure S1 in the ESI † respectively. All the structures crystallise in monoclinic crystal system (space group Table S3 in ESI).
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In the two isostructures L 3 -DMSO and L 4 -MeOH, N-H···O distances are respectively 2.05 Å and 2.13 Å for the former and 2.04 Å and 2.07 Å for the latter. In L 4 -A N-H···O distances are 2.25 Å and 1.99 Å respectively. In all the structures these chains are then 60 assembled along the remaining two dimensions to generate the 3-D packing (for a detailed representation of the crystal packing see Figure S1c ). Interestingly the CF 3 groups seem to have a specific role in this, participating with the F atoms in the formation of C-H···F interactions (see Table S3 in 5 ESI †), which, in some cases, show distances which are slightly less than the sum of the van der Waals radii of hydrogen and fluorine, (considering the value of 2.67 Å proposed by Bondi 8 ). Although there are cases in which this interaction showed a high degree of directionality, even in presence of competing groups able to form stronger 20 interactions, 9 in this case their role in driving the assembly of specific molecular arrangement might be questionable but certainly contributes to the overall stability of the structures. for fittings). 10 The results are summarised in Table 2 were crystallised by slow evaporation from various solvents in presence of anionic guests. Details of the crystallization experiments, both successful and unsuccessful, are 55 provided in ESI † (Table S1 ). Crystals suitable for single crystal X-ray investigation were only obtained for host-guest complexes involving receptors L 1 -L 4 . The majority of the structures (see Table S2 and Figure S1 in ESI † and Table 1 ) crystallise in the 60 monoclinic crystal system with the only exception being the structure L 3 CO 3 2-(2:1) which adopts an orthorhombic crystal system. In the five structures, the receptor units show a wide variety of conformational choices ( Figure 3) . 65 This is consistent with the absence of any set of strong intra-molecular interactions, that are able to lock or stabilize a specific conformation. 11 The only intramolecular interactions observed is the C-H···O interaction (C-H···O distances are in the range 2.2-2.5 70 Å, as described in Table S3 in ESI) involving the aromatic C-H and the urea C=O (Figure 1 a-b and Figure 3 a-e) which force the urea group and the aromatic substituted ring of the target receptors to lie in the same plane. However, similarly to that we 75 observed for the crystal structures of the free , with the urea NHs externally exposed and available for interactions with the anions, favouring host-guest stoichiometry higher than 1:1. This is in contrast with 20 the behaviours observed in solution where stoichiometries 1:1 were obtained. However this result is not surprising considering that the stability of the stoichiometry adopted by a binary complex might depends on several factors such as the concentration 25 and the solvent used. 12 In this regard, also the molecular features of the anionic guest involved, might play a role. The combination of different parameters, such as the number of hydrogen bond acceptors and the resulting 30 shape of the anionic species together with the directionality of the intermolecular interactions involved might favour one specific stoichiometry rather than another. For example, in the case of carboxylate anions, the urea NHs can efficiently the increased number of the hydrogen bond acceptor oxygens, together with the directionality of the interactions, can promote interactions with more than one receptor unit, enabling higher stoichiometries (2:1 and /or 3:1). Starting from these considerations 45 we decided to discuss the structures separately, depending on the stoichiometry observed (1:2, 2:1 and 3:1).
1:2 ratio
According to the considerations reported above, the Table   S3 it is more convenient to focus on the coordination of the anionic moieties and consider these as building units of particular molecular arrangements. This is consistent with the recently proposed analogies between transition-metal coordination chemistry Similarly to the previous structure, the TBA + units are strongly involved in connecting the receptoranion units along the different directions of the packing. In contrast to the hydrate structure L 1 -AcO -
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(1:2), described earlier, the solvent (DMSO) does not seem to have any specific role in directing particular molecular arrangements. However, it takes part with TBA + units, in connecting adjacent 1-D chains along . Interestingly the oxo-anion deprotonates in the solid-state structure. This deprotonation process has been observed previously upon crystallisation of protonated oxo-anions with receptors containing 60 multiple hydrogen bond donors. 20, 21 The structure adopts a monoclinic crystal system (space group In contrast to the previous receptor-anion complexes, which mainly adopt an open conformation, in L 2 -SO 4 2-(3:1) two of the three independent receptor units (2 and 3) adopt a closed conformation, with the urea NHs oriented to form a pseudo-cavity. Table S3 in ESI †). This, according to previous papers by Custelcean et al 23, 24 represents the optimal coordination number for sulfate. An 25 instance of the coordination of the SO 4 2-anion is shown in Figure 13 , where the urea groups are highlighted for clarity. This cluster is connected to a second SO 4 2-via the available urea groups of receptor 1 to form a sort of dimeric arrangement 
Anion transport studies in lipid bilayers
The anion transport properties of receptors L 1 -L 6 30 were studied using vesicle-based methods. 25 A sample of unilamellar POPC vesicles was prepared containing 489 mM NaCl buffered to pH 7.2 with 5 mM sodium phosphate salts. The vesicles were suspended at a lipid concentration of 1 mM in 489 35 mM NaNO 3 buffered to pH 7.2 with 5 mM sodium phosphate salts. The experiment was initiated by the addition of a small amount of a DMSO solution of the receptor (0.02-2 mol% with respect to lipid), and the resulting chloride efflux was monitored using a 40 chloride ion selective electrode (ISE). At the end of the experiment (300 s), the vesicles were lysed by addition of detergent, and the final electrode reading was used to calibrate 100% chloride release. We found that all the compounds except L 1 
were capable of mediating chloride transport under these conditions ( Figure 16 and Figures S3-S11 in ESI †). For this reason all the following studies were performed on L 2 -L 6 . In order to determine the mechanism of chloride release by receptors L 2 -L 6 we 50 performed a second experiment using POPC vesicles containing 450 mM NaCl buffered to pH 7.2 with 20 mM sodium phosphate salts. The vesicles were suspended in 162 mM Na 2 SO 4 buffered to pH 7.2 with 20 mM sodium phosphate salts. Upon addition of a transporter L 2 -L 6 in a solution of DMSO at 2 mol% with respect to lipid, 65 there was negligible chloride release. This indicates that these receptors function predominantly by an anion exchange mechanism. In the first assay, the receptors were shown to facilitate Cl -/NO 3 -exchange, however in the second assay, little transport was 70 observed due to the high hydrophilicity of the SO 4 2-anion, 26 which usually prevents its transport by synthetic transporters. 27 After 120 s, a pulse of NaHCO 3 solution was added, and we observed that the receptors (except L 2 ) were able to begin 28 In Figure 18 , the chloride efflux mediated by L 6 in POPC or POPC/cholesterol (7:3 molar ratio) is shown 25 as an example. NaCl buffered to pH 7.2 with 5mM sodium phosphate salts. The vesicles were dispersed in 489mM NaNO3 buffered to pH 7.2 with 5mM sodium phosphate salts. At the end of the experiment detergent was added to lyse the vesicles and calibrate the ISE to 100% chloride efflux. Each point represents an average of three trials. DMSO was used as a control. 35 To quantify the transport activity of compounds L 2 -L 6 Hill analyses 29 for the chloride/nitrate and chloride/bicarbonate antiport assays were performed (see Figures S4-S20 in ESI †). 489 mM NaNO3 buffered to pH 7.2 with 5 mM sodium phosphate salts.; (b) Chloride efflux promoted by various concentrations of L 6 from unilamellar POPC vesicles loaded with 451 mM NaCl buffered to pH 7.2 with 20 mM sodium phosphate salts. The vesicles were dispersed in 150 mM Na2SO4 buffered to pH 7.2 with 20 mM sodium phosphate salts. At 5 120 s a solution of sodium bicarbonate was added such that the external concentration of bicarbonate was 40 mM. At the end of both experiments, detergent was added to lyse the vesicles and calibrate the ISE to 100% chloride efflux. In both graphs each point represents an average of three trials. DMSO was used as a control. 10 This allows us to compare the transport activity of the compounds. These values are summarised in Table 3 , together with the Hill coefficients, which are commonly interpreted as an estimate of the number of transporter molecules required to transport a single 15 anion and can provide supporting evidence for a mobile carrier mechanism. It is interesting to note that the transporter activity can be related to the electron withdrawing properties of the substituents in the pendant arms of the 20 receptors, and to the presence of the pyridine moiety as a spacer. Indeed, the most active transporter among the series, as shown by the EC 50,270s values of both the experiments, is the p-nitro functionalised compound L 6 which contains a pyridine spacer 25 ( Figure 19 ).
Conclusions
In conclusion we have reported the synthesis of a new family of bis-methylureas (L 1 -L 6 ), their anion binding properties (both in solution and in the solid 
